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INTRODUCTION 
Active participation in the field of fused-salt chemistry dates back 
to Davy and Faraday in the early 1800's. Davy's preparation of sodium 
metal by electrolysis of molten sodium chloride was the first reported 
example of electrometallurgy using a molten salt. The development of the 
Hall-Heroult process for the electrolytic production of aluminum estab­
lished fused salts as important media in metallurgical processing. Only 
in recent years has much effort been made to expand the application of 
fused-salt chemistry to other processing fields which could advantageously 
utilize the unique properties of fused salts. 
Most fused salts are stable at temperatures exceeding 500° C. Other 
properties such as low vapor pressure, low viscosity, good electrical 
conductivity, and the ability to dissolve many materials, provide many 
unique industrial applications for fused salts. Fused-salt processes have 
been used for many years in the electrowinning, descaling and heat-treat­
ing of metals. A more recent application is the production of the less-
common metals such as titanium, zirconium, niobium, tantalum, uranium and 
thorium (3). 
The separation of isotopes of metals has been accomplished by fused-
salt electrolysis. For example, it is possible by this means to isolate 
the isotope of lithium which is used in thermonuclear devices. Fused 
salts are also being used in thermoelectric convertors capable of con­
verting thermal energy at temperatures as high as 1000° C into electrical 
power. Such devices produce 5 to 10 times the power of a metallic therm­
ocouple, and are comparable in merit to semiconductor convertors. 
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In this country the greatest single impetus for both fundamental 
and applied investigations of fused salts has come from the United States 
Atomic Energy Commission's program for the development of a power reactor 
utilizing molten-salt fuels. A homogeneous reactor employing a molten-
salt mixture both as a fuel-solvent and a heat transfer medium offers con­
siderable advantages over conventional designs. A wide range of operating 
temperatures is available at moderately-low pressures. Fuel may be added 
continuously to the reactor without interrupting its operation, while 
fission products can be removed continuously in the molten state. Radia­
tion damage associated with solid fuel elements is also eliminated by the 
use of a molten-salt fuel• 
In the aircraft reactor experiment (ARE), conducted in 1954 at Oak 
Ridge National Laboratory, a NaF-ZrF^-UF^ fuel mixture at 860° C was used 
to produce 2.5 megawatts of power. This was a major accomplishment in 
fused-salt technology. The more extensive molten-salt reactor (HSR) is 
currently being readied for testing at Oak Ridge National Laboratory. The 
MSR will utilise a mixture of LiF, BeFg, ThF^ and UF^ as its fuel, The 
UF^ will be consumed by the fission process, while the ThF^ will serve as 
fertile material for breeding new fuel. 
Because of the solvent power of molten salts, one very important use 
might be in the role traditionally played by water, that is, as a reaction 
medium for chemical synthesis of both organic and inorganic compounds. 
Furthermore, there are a number of solvent properties possessed by fused-
salt systems which have not yet been thoroughly studied. The alkali 
metals are quite soluble in their corresponding molten alkali halides, 
presumably giving rise to the tri-halide ion. This type of solution might 
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be expected to have appreciable oxidizing power. As another example, 
sulfur dissolves readily and reversibly in molten potassium chloride to 
give a blue solution. Such solutions could provide new routes to the 
synthesis of a number of metallic sulfides (15). 
Organic synthesis using molten salts is one of the newest fields of 
study in organic chemistry. Current work in Germany with molten salt 
participating or catalyzed reactions has yielded new methods of alkyla-
tion, halogenation and other organic synthesis. For example, the chlor-
ination of benzene in an AlCl^-NaCl-KCl melt at 100° C produces an 80 per­
cent yield of chlorobenzene. In the same melt, the di-, tri-, and 
tetra-chlorobenzene can be prepared by raising the temperature to 200° C. 
Such promising results should stimulate exploration in this little-known 
field of chemistry. 
Fused salts are liquids with viscosities, thermal conductivities, 
diffusion coefficients and surface tensions in the same range as water. 
For many purposes a fused salt may be treated as if it were a very con­
centrated solution in water of the corresponding salt. The ions in fused-
salt solutions are essentially surrounded by ions of opposite charge. The 
absence of solvent molecules leads to a new field of chemistry which could 
help clarify the nature of solvents in aqueous solutions (2). 
Extraction by aqueous solvents has provided a separation method 
extensively used in metal purification. The separation of hafnium from 
zirconium is a good example of a complete, yet very difficult and complex 
aqueous-organic separation process. Molten salts have been used for 
centuries in the extractive purification of molten metals. Selective 
oxidation (slagging) of acidic impurities by limestone in steel making 
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is the most common example. With the advent of better refractory materi­
als, the advantages of processing at elevated temperatures using molten 
salts as extracting media are being utilized. 
The mechanism by which a molten salt extracts a solute from another 
medium, such as a molten metal, is an oxidation-reduction reaction. This 
might appear to contrast with the analogous extraction mechanism of 
aqueous-organic systems. However, aqueous-organic extraction by com-
plex-ion formation is very similar to its counterpart using fused salts. 
This has become more apparent as the complex nature of extraction media 
is discovered. 
Unique problems and applications arise when fused salts are consider­
ed for extraction purposes. Metals and inorganic salts are both stable 
in the molten state. Thus they are the only possible media available for 
liquid extraction at the temperature of molten metals. A molten-metal 
extractant, immiscible with the metal being contacted, has been used to 
extract a solute metal by the difference in solubility of the solute 
metal between the two immiscible metal phases. This type of liquid-
liquid extraction has been used for the removal of plutonium and some 
fission products from a molten nuclear-reactor fuel using silver or cerium 
as the extracting media (16). 
The use of molten salts for continuous extraction from a molten metal 
has been studied at Brookhaven National Laboratory. A mixture of uranium, 
magnesium and bismuth serve as the fuel in the liquid-metal-fuel reactor 
(IHFR) concept developed at Brookhaven. The liquid-metal fuel acts as a 
primary coolant as well as the source of fissionable material. Fission 
5 
products are removed continuously from the fuel by countercurrent extrac­
tion with a fused-salt mixture of magnesium, sodium and potassium chlo­
rides. It is possible to adjust the oxidation potential of the fused-salt 
system so that lanthanide elements are oxidized by the magnesium chloride, 
while uranium is not affected. The oxidized fission products are then 
removed with the salt phase, and the metal phase returned to the reactor. 
Such a fuel processing scheme eliminates the high cost of aqueous fuel 
processing and refabrication, provides continuous addition of fuel, 
eliminates structural damage to fuel assemblies, and provides continuous 
removal of fission products (12). 
Physical processing of an ore does not yield metal in the purity or 
condition often desired. It is usually necessary to effect some purifi­
cation by chemical reaction if a high-purity metal is desired. Current 
methods of producing high-purity metals are expensive and usually not 
applicable to large quantity production. Techniques such as zone-refining, 
vacuum arc-melting and use of a volatile intermediate are now used to 
prepare high-purity metals. They are usually limited to relatively small 
quantities of material, but have occasionally been used for limited com­
mercial-scale production. The purification of molten metals by fused-salt 
extraction is a new field which offers numerous potential applications. 
When a chemical reaction can be employed in the purification of a 
large quantity of metal, there are certain advantages and disadvantages in 
having the metal in the liquid state. A greater reaction rate can be 
obtained when the reactants are molten. Subsequent handling and working 
of the metal does not require additional heating. However, the solvent 
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action of the liquid phases for impurities generally is greater, especial­
ly at elevated temperatures, and thus tends to reduce the extent of 
purification which can be obtained. 
The metal produced by the oxidation-reduction reaction of a molten 
salt with a component of the metal phase could be an impurity to the metal 
phase. However, by careful selection of the salt, the metal produced by 
reaction with the salt could be the same as a component of the metal 
phase, a metal which could be tolerated, or one which could be removed by 
volatilization. A combination of purification techniques is usually more 
effective in removing metal impurities, because of the inherent limita­
tions of a single purification method. 
Two rather unique examples of metal purification processes using 
fused salts have been developed recently. Yttrium chloride has been used 
to extract oxygen, fluorine and nitrogen from a yttrium-magnesium alloy 
(1). This illustrates the ability of some salts to extract dissolved 
gases from molten metals. No other method has been found to be as 
effective in reducing the oxygen content of yttrium metal. 
The complete separation of nickel from cobalt is a difficult process. 
However, nickel containing some cobalt will dissolve in fused nickel 
chloride. The cobalt, slightly more electropositive than nickel metal, 
reacts with nickel chloride to form cobalt ions and free nickel metal. 
Upon cooling only the nickel metal crystallizes out of the melt. The 
physical form of the solid nickel may be varied by controlling the pre­
cipitating conditions. Needles and platelets have been produced in this 
manner. Continuous extraction at lower temperatures using a molten salt 
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containing nickel chloride appears promising for purifying a nickel alloy, 
the alloying metal being subsequently removed. 
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THERMODYNAMICS AND KINETICS OF FUSED SALT EXTRACTION 
The reaction between a fused salt and molten metal takes place by an 
oxidation-reduction mechanism. Such a reaction might be represented by 
the following: 
a MCm> + b S(°) ^  a MU) + b S(m) 
where M is the metal reacting, +b is its oxidation state in the salt, S 
is the reacting metallic ion in the salt, +a is its oxidation state in 
the salt, and (m) and (s) represent solution in the metal and salt phases 
respectively. The extent of the reaction is governed by the thermodynamic 
properties of the reacting materials. 
Standard oxidation-reduction potentials, referred to generally as the 
electromotive force (EMF) series, for molten metallic chlorides are shown 
in Figure 1. The ionic nature of molten salts allows the oxidation-
reduction reaction to be considered in terms of the exchange of electrons 
between the metal in its ionic state in the salt and its reduced state in 
the metal. The more electronegative elements in their ionic state oxidize 
a more electropositive metal from its metallic form to its ionic form. 
Consequently, any metallic ion of Figure 1 which is more electronegative 
than a second metallic ion may oxidize the metal form of the second element 
to its ionic state. 
Consider the following reaction : 
Zn + Cd4"4" Zn++ + Cd . 
The cadmium ion in a molten chloride solution is more electronegative than 
the zinc ion and should oxidise metallic zinc to its ionic chloride. Such 
a reaction between zinc and molten cadmium chloride would produce zinc 
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Figure 1. Electromotive force of molten chlorides at 500 C 
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chloride and metallic cadmium. Thus, removal of zinc as an impurity from 
cadmium metal could be accomplished by this fused salt-molten metal reac­
tion. 
The equilibrium distribution of each component between the salt and 
metal phases is given by the equilibrium constant 
[ZnGlo][Cd] 
K = , 
[Zn][CdCl2] 
where the bracketed quantities are thermodynamic activities. The value 
of K is related to the oxidation-reduction potential of the reacting system 
by the equation 
A F° = -nfE° = -RT InK , 
where A F° = standard free energy change, 
f = Faraday's constant, 
n = number of electrons transferred per molecule, 
E° = electromotive force (EMF), 
T = absolute temperature, 
and R = ideal gas law constant. 
The magnitude of the EMF of a reaction is a measure of the extent of the 
forward reaction. A negative value indicates that the reverse reaction 
dominates. The direction of the reaction can be reversed, however, by 
application of the law of mass action. For example, zinc chloride will 
extract cadmium from the metal phase when its concentration is large 
compared with the cadmium chloride concentration in the salt phase. From 
thermodynamic data, such as presented in Figure 1, it is possible to cal­
culate equilibrium distributions for many reacting salt-metal systems. 
However, the calculated distributions are in terms of thermodynamic 
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activities instead of measurable concentrations. The activity of a com­
ponent j is related to its concentration by the relation 
• 
where a^ = activity of component j, 
7^ = activity coefficient, 
Cj = concentration of component j, 
and Cj = total phase concentration. 
Activity coefficients of many metals in various alloys have been 
measured by the galvanic-cell method. Such data are necessary to evaluate 
the activity coefficients of the components of the metal phase. It is 
generally assumed that the ratio of the activity coefficients of the salt 
components is nearly unity and can thus be neglected. The assumptions 
of ideal solutions and phase immiscibility are also justified for most 
systems. 
According to the two-film theory of mass transfer, the extraction of 
a metal solute by a molten salt proceeds in three steps. The first step 
consists of the transport of the reactants to the salt-metal interface. 
The next step is the oxidation-reduction reaction at the interface, and 
the third step is the transport of the reaction products away from the 
interface. Such a transfer mechanism for cadmium from a metal phase by 
reaction with zinc chloride is shown in Figure 2. 
The oxidation-reduction reaction at the metal-salt interface is very 
rapid when compared to the mass transfer to and from the interface. Hence, 
chemical equilibrium exists at the interface, and the magnitude of the 
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Figure 2. Two-film theory model for the extraction of cadmium from a 
metal drop by zinc chloride showing concentration gradients 
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reaction is dependent upon the mass transfer rates through the salt and 
metal films. The rate of mass transfer of each component through a salt 
or metal film can be expressed by the basic mass transfer equation 
N = kA (Cji-Cj) , 
where N is the rate of mass transport, k is a mass transfer coefficient, 
A is the area of mass transfer, and (Cj^-Cj) is the concentration gradient 
of component j between the bulk of the fluid and the interface. The 
equation can be applied to mass transport to the interface in both salt 
and metal films. When equilibrium exists at the interface, the mass 
transfer rate to and from the interface through the two films must be 
equal, but opposite in direction. 
By considering the chemical reaction at the interface to be very 
rapid, it is possible to evaluate the mass transfer rate by equating the 
transfer rates through the salt and metal films. Investigators at Brook­
haven have arrived at a model for the mass transfer process using numerical 
expressions for the individual film coefficients (12). The expression for 
the metal film coefficient given by Handles and Baron (6) is 
k = 0.00375 v 
where v is the terminal velocity of the drop and and ns are the vis­
cosities of the metal and salt phases, respectively. Mass transfer in 
the continuous salt phase was considered to follow Higbie's model in which 
kg = 2(Dv/ird)^ 
where D is the diffusivity of the solute, and d is the drop diameter. 
Applicability of this model to the prediction to mass transfer in a fused 
salt-molten metal extraction apparatus has yet to be verified. 
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The individual film mass transfer coefficients are related to an 
overall mass transfer coefficient based on the salt phase (Kog) by the 
relation 
= ^ + , 
K0s ^s ^m 
where m is thé equilibrium distribution coefficient. The overall mass 
transfer coefficient (Kos) can be determined from the equation 
where N is the number of transfer units, Gs is the mass velocity of the 
salt, and L is the length of the extraction unit. 
The number of transfer units can be evaluated by graphical methods 
such as the McCabe-Thiele method. A numerical equation for the number of 
transfer units applicable to extraction in which the distribution coef­
ficient is constant and plug flow exists in both phases is 
„ _ ln[(l-X)(l/l-E) + X] 
; r^r ' 
where X = mGs/Gm, 
E = (Gm/Gs)(x1 - x2) / (yL - mx2), 
and x and y are mole fractions of the solute in the metal and salt phases 
respectively} and (1) and (2) refer to bottom and top of column (7). 
Several studies have shown the effect of agitation upon the rate of 
mass transfer (10, 13). From these investigations it has been shown that 
the rate controlling step of mass transfer is probably in the diffusion 
of metal solute to the interface. Any mechanism which would increase this 
rate of diffusion would greatly enhance the rate of extraction. Extraction 
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without agitation was found to be extremely slow. Design of an extraction 
apparatus should attempt to maximize this limiting resistance to mass 
transfer. 
PREVIOUS WORK 
The principal contributor to the field of fused salt-molten metal 
extraction has been the United States Atomic Energy Commission through 
its associated laboratories and contractors. The primary interest of 
the AEG has been the application of fused salts as extractants of fission 
products from molten nuclear-reactor fuels. The cost of aqueous processing 
of nuclear fuels is very high, but the decontamination is sufficient to 
permit direct refabrication of the recovered reactor fuel. 
Fused salts are capable of extracting most of the fission products 
having high neutron cross-sections from a molten reactor fuel. Only fis­
sion products which are neutron "poisons" need be removed to be able to 
reuse the spent reactor fuel. Aqueous liquid-liquid extraction removes 
all fission products from a spent reactor fuel, and thus permits direct 
handling of the recovered fuel when fabricating new fuel elements. Remote 
handling facilities would be necessary for refabrication of a reactor fuel 
from which only part of the fission products have been removed. The 
advantages of such a fuel processing method would justify the development 
of such remote facilities. Argonne National Laboratory has developed 
remote fabrication facilities in conjunction with the experimental-
breeder-reactor (EBR -II). 
The liquid-metal-fueled-reactor (LMFR) developed at Brookhaven Nation­
al Laboratory is a homogeneous reactor concept using a liquid-metal fuel 
of uranium-bismuth as the primary coolant. Continuous fused-salt extrac­
tion would remove many of the rare earth fission products from the molten-
metal fuel. Fused salt-molten metal extraction equipment was first 
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developed at Brookhaven in 1956 in conjunction with the LMFR program. 
Two large metal-salt loops were constructed to test the design of con­
tinuous, countercurrent extraction columns and to evaluate their capacity 
for separating fission products from simulated LMFR fuel. In June, 1958, 
a réévaluation of the civilian power reactor program by the AEC resulted 
in the cancellation of the LMFR project. In February, 1961, the extraction 
equipment was reactivated to study mixing phenomena and mass transfer in 
the fused salt-molten metal extraction columns. 
The operation of a 4 inch diameter disk-and-doughnut extractor, made 
of type 347 stainless steel and having an active section of 42.5 inches 
was studied. Cerium was extracted from bismuth by a sodium, potassium, 
magnesium chloride eutectic mexture at 500° C. The metal flow rate varied 
from 0.2 to 1.0 gpm and the salt flow rate from 0.1 to 0,5 gpm. 
Axial mixing was very significant in the disk-and-doughnut extractor 
tested. This was measured by the step addition of Ne^ as NaCl to the 
influent salt and measurement of its concentration in the effluent salt 
stream. A comparison of experimental to theoretical continuous phase 
mean-holdup times gave an average value of 0.834,and the average axial 
mixing Peclet number of 5 was independent of the ratio of superficial 
mass velocities. 
A total of eleven extraction runs were made with the disk-and-doughnut 
extractor, of which five were successful. Mass transfer data obtained 
were corrected to compensate for mass transfer in the end sections and for 
the effect of axial mixing. Volumetric and area mass transfer coefficients 
were obtained and interpreted on the basis of the two-film theory of mass 
transport. Overall volumetric mass transfer coefficients for cerium based 
on the salt phase concentration varied from 15 to 100 lb/hr-ft^. Data 
were also obtained from a single mass-transfer experiment using a column 
2 inches in diameter, 42.5 inches long and packed with % inch stainless 
steel spheres (7). -
The first extraction data from a fused salt-molten metal extractor 
were obtained at Ames Laboratory from a spray-cone extractor 2 inches in 
diameter and 11 inches long, made of type 316 stainless steel. The feed 
and product tanks were partitioned sections of a cylindrical tank on top 
of which the extraction column was mounted. The extractor-tank unit was 
operated inside a furnace at a temperature of 350° C. 
Extraction of cadmium from bismuth by a potassium chloride-zinc 
chloride eutectic salt mixture was used to test the extraction equipment. 
The amount of extraction was small, but was sufficient to evaluate the 
performance of the extraction column. Helium was used to maintain an 
inert atmosphere and also to pressurize the feed tanks. Flow rates were 
measured by the change in resistance of resistance probes in the feed 
tanks. Resistance probes were also used in the top and bottom of the 
column to control the salt-metal interfaces. 
Results of three successful extraction runs gave a stage efficiency 
which varied from 17 to 37 percent. The results were based on three 
theoretical extraction stages in the extractor. Operation of the extrac­
tion equipment was plagued with difficulties, most of which were caused 
by corrosion or by the difficulty in measuring and controlling flow rates. 
The sampling technique of the metal phase in each distributor cone also 
proved to be difficult and subject to error (11). 
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SELECTION OF A SALT-METAL TEST SYSTEM 
Previous work with fused salt-molten metal extraction equipment showed 
the major difficulties could be attributed to the temperature of operation. 
Establishing, maintaining and measuring flows of molten metals and fused 
salts was the largest single problem. The operation of valves, flow meters 
and pumps was continually a source of difficulty. The choice of materials 
for the construction of extraction equipment to operate at temperatures 
above 300° C is restricted to stainless steels, tantalum, ceramics, and 
other high-temperature metals. 
Many of the problems associated with fused salt-molten metal extrac­
tion could be eliminated if the temperature of operation could be lowered 
to 100-200° C. The melting temperature of most stable, pure salts is in 
excess of 300° C, the melting temperature increasing according to the 
series: nitrates, bromides, chlorides and fluorides. Stability of the 
salts increases in the same order. The fluorides have been more seriously 
considered for nuclear reactor applications because of their greater 
stability. 
The most promising salt systems which could be used to evaluate the 
performance of extraction apparatus at 150° C were the nitrates. The 
eutectic mixture of sodium, potassium and lithium nitrate has a melting 
temperature of 120° C. On the basis of thermodynamic calculations, the 
extraction of calcium from a mercury amalgam by the nitrate eutectic at 
150° C was an acceptable system. Equilibrium distribution of calcium 
between the salt and metal phases was calculated for various concentrations 
of sodium nitrate in the salt mixture. By the law of mass-action it is 
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possible to control the amount of extraction in this system by controlling 
the sodium nitrate concentration in the salt phase. 
Attempts to measure the calcium distribution between the salt and 
metal phases were unsuccessful. Salt-metal equilibrium was not attained 
because of oxidation of the calcium, although many attempts were made to 
eliminate the source of oxidation. In particular, spun pyrex glass was 
a very effective filter medium for removing oxide from the metal amalgam 
(4) . 
When all attempts had proved futile, a solute of magnesium instead 
of calcium was tried. The same oxidation difficulties were encountered. 
An additional salt-metal system of cadmium nitrate and zinc amalgam was 
tested, and decomposition of the salt was noted during agitation. Analy­
sis of the salt phase proved the extraction process to be time dependent, 
and the decomposition of the salt phase to be the extracting mechanism. 
Infra-red spectrographic analysis of the decomposition products showed the 
nitrate salt decomposing by the reaction 
Cd (N03) 2 CdO + N205 
with subsequent decomposition of the NgO^ to NgO and Og- The oxygen pro­
duced by the decomposition was responsible for the oxidation of the metal 
phase. The amount of decomposition of the nitrate salt eutectic caused 
by calcium was less than by cadium. The rate of decomposition of the 
nitrate eutectic to which four weight percent cadimum nitrate had been 
added indicated the rate of decomposition increased with increasing size 
of the metal solute atom. Thorium, for example, caused an instantaneous 
decomposition in which both metal and salt phases were homogeneously 
mixed. 
21 
The three component nitrate eutectic containing four weight percent 
cadmium nitrate showed promise of only slight decomposition when extract­
ing zinc from mercury. The limited decomposition was considered acceptable 
for the intended purpose of evaluating the extraction efficiency of a 
fused salt-molten metal extractor, since the rate of decomposition of the 
salt was found to be proportional to the reaction rate between the metal 
and salt. The salt decomposition was greater than anticipated when the 
extraction equipment was operated with this system. The metal phase 
also failed to adequately coalesce. Thus, all nitrate systems were con­
sidered unsuitable for extraction purposes because of their limited 
stability. 
Extraction of cadmium from a lead-bismuth alloy by the zinc-chloride 
of a sodium chloride, potassium chloride, zinc chloride eutectic salt 
mixture was finally used to test the performance of the extractor. The 
extraction process can be described by the reaction 
Cd(Pb-Bi) + ZnCl2 ^ CdCl2 + Zn(Pb-Bi) 
The operating temperature of the reaction was limited by the melting 
temperature of the salt, and thus set at 225° C. The physical properties 
of the salt-metal system are given in Table 1 (8,14). 
- The salt-metal test system chosen had the lowest operational temper­
ature of all available, stable systems. Miscibility of the salt and metal 
phases was negligible at the operating temperature of 225° C. 
The distribution of cadmium between the salt and metal phases was 
calculated from thermodynamic data for the molten chlorides (5). At 225° 
C, the equilibrium constant is 1.4 x 10 Equilibrium concentrations of 
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Table 1. Physical properties of the salt-metal system 
Component Formula Density Melting point 
weight g/cc °C 
Metal phase 
Bismuth 209.00 9.80 271.0 
Lead 207.21 11.34 327.4 
Cadmium 112.41 8.65 320.9 
Zinc 65.38 7.14 419.4 
Metal eutectic 195.00 10.39 100 
41.4 mole percent Pb 
44.7 mole percent Bi 
13.9 mole percent Cd 
Salt phase 
Potassium chloride 74.55 1.98 776 
Sodium chloride 58.45 2.16 801 
Zinc chloride 136.29 2.91 283 
Cadmium chloride 183.32 4.05 568 
Salt eutectic 108.37 2.70 203 
60 mole percent ZnClg 
20 mole percent KCl 
20 mole percent NaCl 
cadmium in the salt and metal phase, assuming the ratio of metal phase 
activity coefficients to be unity, are shown in Figure 3. Activity coef­
ficient data were not available for the concentration range of the metal 
system being used. Also shown in Figure 3 are the experimentally measured 
solute distribution data. The factors which most influenced such data were 
the purity of the salt and the degree of agitation. Vigorous agitation 
of the salt-metal sample was necessary to obtain reproducible data. 
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i 
DESIGN OF EQUIPMENT 
Several fused salt-molten metal extractor designs have been studied. 
Four such designs are shown in Figure 4. Each extractor design has advan­
tages and disadvantages which must be considered for each intended 
application. 
The simplest extractor design is the spray column. The metal phase 
is sprayed through a nozzle into a column of molten salt. The metal drop­
lets settle through the continuous salt phase to the bottom, where they 
coalesce and are removed. The advantages of such a design are its sim­
plicity and lack of moving parts. The disadvantages are: (1.) extraction 
is largely controlled by molecular diffusion, (2.) spray nozzles tend to 
plug, and (3.) the residence time of the metal drops in the column is low. 
The packed column eliminates several of the disadvantages of the 
spray column. The packing increases the residence time of the metal in 
the column and produces better mixing of the salt and metal phases. 
Impingement of the metal drops upon the packing increases the available 
mass transfer area. Increased internal diffusion is also induced by the 
path of the metal flow. The disadvantages of a packed column are low 
efficiency and low flow rates, but like the spray column, it has the 
advantages of simplicity and absence of moving parts. 
In conventional packed liquid-liquid extraction columns the packing 
is wetted by the continuous phase to prevent channeling of the dispersed 
phase through the packed bed. If the dispersed metal phase were to wet 
the packing in a fused salt-molten metal extraction column, increased mass 
transfer area would be available if the packing were spaced between zones 
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of continuous salt phase. The metal drops would be reformed after passing 
as a film through the packed section. At low metal flow rates, small 
metal drops would drip from a redispersion plate supporting the packing, 
through the salt phase, and coalesce as a film on the next section of 
packing. The design of such an extractor would be similar to a Scheibel 
extractor. 
The disk-and-doughnut extractor developed at Brookhaven National 
Laboratory resembles the rotating-disk contractors used in the petroleum 
industry. The extraction column contains a central rod to which circular 
disks are attached. Rotation of the disks causes dispersion of the metal . 
by centrifugal motion. Doughnut-shaped baffles direct the metal drops 
onto the next rotating disk. The rotation of the disks causes interphase 
mixing and also increases metal residence time. The limitations of the 
disk-and-doughnut extractor are the mechanical problems of the rotating 
center rod and the failure to completely renew the salt-metal interface. 
A spray-cone extractor is also shown in Figure 4. The unique design 
feature of this fused salt-molten metal extractor is the coalescence 
and redispersion of the metal phase by each rotating cone. The metal 
in each spray cone is dispersed into small drops by the centrifugal 
motion of the cones. The metal drops are extruded through small holes or 
slots in the periphery of the cone. Conical shaped baffles direct the 
metal drops into the next spray cone where they coalesce before being 
redispersed. 
The problems associated with mechanical agitation could limit the 
application of agitated extractors where reliability is required. However, 
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for most applications such an extractor design is adequate. The addition­
al extraction efficiency obtained by mechanical agitation is sufficient 
justification for using the spray-cone or disk-and-doughnut type of fused 
salt-molten metal extractor. 
Design of Extractor 
The fused salt-molten metal extractor designed and built was a 
modification of an extractor previously developed at the Ames Laboratory 
(11). A sectioned drawing of the spray-cone extractor is shown in Figure 
5. 
The extraction column consisted of an 18 inch section of precision-
bored Pyrex pipe having an internal diameter of 3 inches. Metal entered 
the top spray cone through the top flange. The cones and flanges were 
machined from type 316 stainless steel. A 1/4 inch lip was welded around 
the top of the conical section of each cone and four l/32 inch holes were 
drilled in the seam parallel to the taper of the conical section. The 
metal in the spray cones was extruded by centrifugal force through the 
holes in the cones and into the continuous salt phase. 
Pyrex glass baffles tapering from 3 inches to 1 1/4 inches in diameter 
directed the metal drops into the next spray cone, where they coalesced 
and were redispersed. The baffles were held in position by three Teflon 
rods connected to the top flange of the column. This permitted the 
extractor to be disassembled by removing the top flange and center rod 
simultaneously. Glass baffles were used to permit visual observation of 
the extractor's operation. 
The inlet and outlet lines of the fused salt were placed above the 
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metal outlet and inlet lines to prevent plugging of the salt lines and 
oxidation of the incoming metal. An adjustable metal jack-leg was used 
to control the salt-metal interface at the bottom of the column. Teflon 
gaskets were used to seal the top and bottom of the extraction column. 
A compressible Teflon packing in the bottom flange and Teflon O-rings in 
the top flange sealed the rotating center rod. 
A unique feature of the extractor design was the one-half inch 
Teflon rod inside the center rod. The Teflon rod was used to withdraw a 
metal sample from each spray cone after operation, without disassembling 
the extractor. This was accomplished by positioning two, 3/16 inch holes 
in the center rod with a corresponding hole drilled through the Teflon 
rod. A sample of the metal in each spray cone flowed into the hole in 
the Teflon sampling rod. A 90° rotation on the sample rod sealed the 
holes in the center rod and allowed the metal samples in the Teflon rod 
to be withdrawn from the top of the column for analysis. The sample rod 
was of sufficient length to provide a seal for the holes in the center 
rod while the metal samples were being withdrawn. Sampling the metal in 
each spray cone required stopping the rotation of the center rod, turning 
the Teflon sampling rod, withdrawing the sample rod and collecting the 
metal sample, then reinserting the sample rod. 
A flow diagram for operation of the extraction equipment is shown 
in Figure 6. The feed and product tanks had dimensions of 18 x 30 inches 
to maximize heat transfer from heated air to the tank contents. The tanks 
were constructed from type 316 stainless steel with a capacity of 0.9 
cubic feet. A thermocouple well, pressure connection, and oil connection 
were a unit connected in the top of each tank. 
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Figure 6. Process flow system for operation of spray-cone extractor 
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Pumping and metering of fused salts and molten metals are very dif­
ficult engineering problems. The major difficulties of the previous work 
at Ames Laboratory with a fused salt-molten metal extractor were control­
ling , maintaining, and measuring flow rates. Use of mechanical pumps 
for pumping salt and metal was considered impractical. Pressurisation 
with argon has been used to cause flow of fused salts and molten metals 
in previous work, however measurement and control of the flow has always 
been a problem. 
This problem has been alleviated by using a metered-pressurization 
system, with a silicone oil as the pressurization medium. The oil was a 
Dow Corning silicon oil designated F-l-0173 capable of operating at 
temperatures of 250° C. The oil was pumped from either product tanks or 
sources outside the heated extractor enclosure by Zenith gear pumps. The 
oil pumped into the tanks forced an equal volume of salt or metal to flow 
from the bottom of its tank into the extraction column. A Zenith metering 
pump with associated Graham transmission for speed control was used for 
each of the salt and metal phases. 
The gears of the metering pumps had machined tolerances of 0.0025 
inches. They have been used exclusively in the rayon industry to pump 
viscous fluids to spinnerettes. The pumps were capable of delivering from 
0 to 657 milliliters per minute with an accuracy of + 1 percent at output 
pressures up to 1000 psi. The accuracy of the metering pumps was suffic­
ient to eliminate the use of any other metering device. The only limita­
tion of the pumps was the lubricating quality of the fluid being pumped. 
The oil was pumped into the feed tanks through l/4 inch Teflon 
tubing. Flow from the metal tank was through 1/4 inch stainless steel 
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tubing, and the salt flowed through 3/8 inch tubing. Stainless steel 
Swagelock tube fittings are used for all tubing connections. Drain 
valves from the tanks and column were 1/4 inch stainless steel gate 
valves. 
High Temperature Air Bath 
Visual observation of column operation required a special method of 
maintaining the equipment at a uniform operating temperature of 225° C. 
Possibilities such as an oil bath, salt bath, or heated air chamber were 
considered. A heated air chamber was selected because of the anticipated 
difficulties of the other two possibilities. The circulation of hot air 
would also provide the even temperature distribution desired. 
A special glass-enclosed chamber shown in Figure 7 was used to con­
tain the extraction equipment. The chamber was 3 1/2x5x5 1/2 feet in 
dimension, with three sides constructed of double panes of special heat-
tempered glass with a 1/2 inch air space between glass panes. The frame 
was of aluminum construction, and the gasket material was a silicon rubber 
capable of withstanding temperatures in excess of 250° C. To reduce heat 
losses through the glass at the operating temperature, panels of fiber-
glass-insulated plywood were attached to the sides of the chamber. The 
back and top panels were also fiberglass-insulated plywood. A 350 rpm 
constant-speed gear motor was mounted on top of the chamber to drive the 
rotating center rod of the extractor. 
The glass chamber was hoisted by an "X" shaped cross-beam assembly 
connected to the bottom of the chamber by metal rods. A one-ton hoist 
was required to maneuver the chamber over the extraction equipment. The 
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Figure 7. Photograph of assembled extraction equipment with insulating 
glass chamber 
equipment set upon a 6 l/2 x 4 foot metal tray mounted on heavy-duty 
casters. The metal tray was also insulated by a layer of firebrick and 
a layer of fiberglass insulation. 
The glass chamber, insulated panels, and metal tray comprised an air­
tight enclosure for the extraction equipment. Air.was circulated within 
the enclosure by an external, insulated blower capable of delivering 180 
cubic feet per minute of air at 5 inches of pressure. The air withdrawn 
from the enclosure was forced over a series of five heating coils rated 
at 3 kilowatts each and back into the enclosure. The heated air was 
distributed by a network of air-duct assemblies connected by flexible 4 
inch diameter metal hose. The distribution of hot air was controlled by 
adjustment of the duct assemblies. Sufficient turbulence and proper air 
distribution eliminated any significant temperature gradient within the 
enclosure. 
The electrical power supplied to the heating coils was regulated by 
two, 30 ampere variable transformers connected in tandem; each supplying 
two heating coils from a single-phase, 208 volt electrical source. 
Temperature was controlled at 225° C by a separate powerstat and control­
ler connected to the fifth heating element. A magnetic-relay switch 
actuated by a chrome1-alumel thermocouple was placed in the powerline to 
prevent over-heating of the heating elements should the blower fail. For 
additional heating capacity, twenty, 250 watt Chromalox plate-type heat­
ing elements were strapped to the product tanks. Heat supplied by these 
elements permitted faster melt-down of the salt and metal feed. 
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RESULTS 
An understanding of the design parameters affecting the operation of 
a particular fused salt-molten metal extractor is necessary when consider­
ing the extractor for a specific application. Design parameters are those 
quantities which a design engineer must specify to describe the operating 
characteristics of a process or piece of equipment. Both operation and 
extraction characteristics of the extraction column must be known. Oper­
ational problems in previous work (7, 11) overshadowed any careful analy­
sis of the extraction performance of the fused salt-molten metal extraction 
columns tested. 
An evaluation of a disk-and-doughnut column was completed at Brook-
haven National Laboratory (7). It is desired in this investigation to 
complete an evaluation of the operation and extraction characteristics of 
a spray-cone extractor, and determine the effect design parameters have 
upon its performance. An analysis of the design parameters would allow 
the design to be optimized, and also indicate modifications to improve the 
extractor's operation and extraction efficiency. 
Extractor Operation 
The operational characteristics of the spray-cone extractor shown 
in Table 2 were determined using water and mercury to simulate fused salt-
molten metal extraction conditions. The difference in surface tension and 
viscosity between fused salts and water were sufficiently small to permit 
determination of the metal drop size at various rotation speeds of the 
spray-cones. The drop diameter was determined from a single metal drop 
Table 2. Column performance with five spray-cones 
Rotation 
speed, 
rpm 
Flooding 
flow rate, 
in^/hr 
Average drop 
diameter, 
mils 
Mass transfer 
area, 
ft2/ft3 a 
Spray-cone 
holdup, 
in3 
280 91.53 40.93 0.2005 
340 194.04 40.15 0.2045 0.758 
405 256.26 38.97 0.2106 0.338 
480 347.80 36.21 0.2267 , 0.156 
610 439.31 , 31.88 0.2574 0.045 
810 578.43 24.01 0.3417 - - -
aBased on metal flow rate of 67.7 in^/hr. 
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trapped in a special cup inserted through the top flange of the extractor. 
A measurement of metal drop sizes in fused salt showed no variation from 
the drop size measured in water. 
The average metal drop diameter varied linearly with the speed of 
rotation of the spray-cones. Drop size was thus dependent only upon the 
force causing the metal drops to be extruded through the small holes in 
. 
the periphery of the spray-cones. The extraction runs with fused salt and 
molten metal were made at rotation speeds of 340, 610 and 810 rpm. The 
metal drop diameter varied 7.9 mils for the three rotation speeds. 
The metal holdup in the spray-cones also varied linearly with 
rotation speed. The holdup was negligible at rotation speeds exceeding 
810 rpm, but increased to flooding conditions at speeds below 280 rpm. 
The negligible column holdup at the higher speeds indicated little or no 
coalescence of the metal drops before being dispersed. Thus the lower and 
upper limits of rotation speed were set at the conditions of flooding and 
zero spray-cone holdup. 
The flooding condition of the spray-cones was dependent upon the 
rotation speed, the number of spray holes in the spray-cones, and the 
metal flow rate. The metal flow rates at flooding for various rotation 
speeds shown in Table 2 were based upon a spray-cone having four, 1/32 
inch holes in its periphery. The metal flow rate at flooding could be 
increased by increasing the number and size of the holes in the spray-
cone . 
The rotation of the spray-cones caused rotational and vortex mixing 
of the salt phase. The amount of mixing was not only dependent upon the 
rotation speed of the spray-cones, but also upon the clearance between 
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each spray-cone and the baffle directing the metal drops into the spray-
cone. At the higher rotation speeds and small baffle-cone spacing, the 
rotational motion of the salt was sufficient to retain many of the metal 
drops in a circular path between the bottom of the baffle and top of the 
spray-cone. This increased the area available for mass transfer and the 
salt-metal contact time, while decreasing the salt film resistance to 
extraction. 
At rotation speeds of 610 and 810 rpm, the metal drops were dispersed 
from the spray-cones in a slightly upward direction. Caught in the rota­
tional motion of the salt phase, the drops flowed in a circular orbit 
until striking the rods supporting the baffles. The rods caused the metal 
drops to flow in a circular path upwards, This pattern is shown in Figure 
8 for the column operating at 810 rpm with seven spray-cones in the 
extractor. At these conditions, the metal drops were observed to partially 
reflux back into the spray-cone from which they had been sprayed. Such 
an operating condition should provide high extraction efficiency. 
The axial mixing present in the disk-and-doughnut extractor column 
considered by Brookhaven was not significant in the spray-cone extractor. 
The baffles limited the mixing of the salt to tangential and radial 
directions. Axial mixing at high flow rates could become significant, but 
to a lesser degree than In the disk-and-doughnut column. 
Extraction Results 
The spray-cone extraction column was operated with the nitrate salt-
mercury amalgam extraction system. Previous determinations of the solute 
equilibrium distribution failed to verify whether the extraction system 
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Figure 8, Mixing and dispersion of metal drops in extractor while 
operating at 810 rpm with 7 spray cones equally spaced 
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would function satisfactorily in a countercurrent, multistage column. 
Operation of the column verified the mechanism of the extraction process 
to be solute oxidation by salt decomposition. The metal phase failed to 
coalesce, thus making control of the salt-metal interface impossible, and 
voiding the coalescence-redispersion method of metal drop formation. 
Column operation at 225° C with the chloride salt eutectic extracting 
cadmium from lead-bismuth was an adequate system for evaluating the 
extraction efficiency of the spray-cone extractor. Nine extraction runs 
were made with each of the column configurations of five and three spray-
cones, and three extraction runs with seven spray-cones. Operating con­
ditions and mass transfer data for the extractor with five, three and 
seven spray-cones are shown in Tables 3» 4 and 5. The composition of the 
metal at the bottom of the extraction column after each extraction run was 
estimated by linear extrapolation of the composition of the metal in the 
bottom spray-cone. 
Extraction runs were made with different combinations of rotation 
speed, salt-metal flow rates, and number of spray cones. For column con­
figurations of three and five spray-cones, rotation speeds of 340, 610 
and 810 rpm, and salt to metal molar flow ratios of one to two, one to 
one, and two to one were used. For a configuration of seven spray-cones, 
rotation speeds of 340, 610 and 810 rpm were also used, while the salt to 
metal molar flow ratio was held constant at two to one. 
The salt to metal flow ratios were considered in terms of the extrac­
tion factor X, where X was defined as mGs/Gm. Since the effect of relative 
velocity of salt to metal was negligible, the only effect X had upon 
extraction was to limit the amount of cadmium extracted from the metal 
Table 3. Mass transfer data for column containing five spray-cones 
Spray-cone position* 
Run 
no. 
Rotation 
speed, 
rpm 
Gm, 
lb 
hr-ft2 
Gs, 
lb 
hr-ft2 
Top 
cone 2 3 4 5 
Bottom of 
column 
(est.) 
1 340 1220 635 9.30 9.25 9.26 9.20 9.16 9.08 
2 340 2460 635 9.31 9.33 9.42 9.56 9.50 9.42 
3 340 1220 1269 9.34 9.35 9.44 9.61 9.56 9.50 
4 610 1220 635 9.34 9.36 9.38 9.44 9.32 9.20 
5 610 2460 635 9.30 9.30 9.32 9.37 9.42 9.30 
6 610 1220 1269 9.29 9.31 9.32 9.54 9.35 9.15 
7 810 1220 635 9.33 9.33 9.33 9.35 9.50 9.27 
8 810 2460 635 9.27 9.27 9.27 9.27 9.33 9.20 
9 810 1220 1269 9.30 9.30 9.30 9.26 9.30 8.94 
aWeight percent cadmium in metal of spray-cone. 
Table 4. Mass transfer data for column containing three spray-•cones 
Spray-cone position3 
Run 
no. 
Rotation 
speed, 
rpm 
^m» 
lb 
hr-f 
Gs, 
lb 
hr-ftz 
Top 
cone 2 3 
Bottom of 
column 
(est.) 
10 340 1220 635 9.13 9.18 9.08 8.98 
11 340 2460 635 9.12 9.07 9.05 9.02 
12 340 1220 1269 9.12 9.02 8.94 8.86 
13 610 1220 635 9.12 9.14 9.20 9.09 
14 610 2460 635 9.12 9.14 9.05 8.96 
15 610 1220 1269 9.13 9.28 9.07 8.86 
16 810 1220 635 9.12 9.28 9.16 8.98 
17 810 2460 635 9.12 9.13 9.02 8.90 
18 810 1220 1269 9,12 9.14 9.16 8.84 
aWeight percent cadmium in metal of spray-cone. 
Table 5. Mass transfer data for column containing seven spray-cones 
Spray-cone position* 
Rotation Gm, Gs, Bottom of 
Run speed, lb lb Top column 
no. rpm hr-ft^ hr-ft^ cone 2 3 4 567 (est.) 
19 340 1220 1269 8.85 8.89 8.92 8.96 9.00 9.04 8.91 8.76 
20 610 1220 1269 8.84 8.84 8.84 8.85 8.95 8.77 8.58 8.40 
21 810 1220 1269 8.88 8.88 8.85 8.80 9.09 9.32 8.79 8.30 
aWeight percent cadmium in metal of spray-cone. 
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phase. The equilibrium distribution coefficient for the extraction system 
_ 2 
was 7.1 x 10 . Thus, the equilibrium concentration of cadmium in the 
salt phase contacting lead-bismuth containing nine weight percent cadmium 
was 0.8 weight percent. 
The salt flow rates used in the extraction runs were sufficiently low 
to extract less than six weight percent of the cadmium contained in the 
metal phase. Since the amount of solute transfer was small, the salt 
entering the bottom of the column was saturated with cadmium by the metal 
from the bottom spray-cones. The bottom spray-cones were responsible 
for the extraction, and the remaining spray-cones served no useful purpose. 
The effect of X upon the extraction column containing five spray-cones and 
operating at 610 rpm is shown in Figure 9. 
The extraction data showed the spray-cone rotation speed to be the 
most important design parameter affecting extraction efficiency. The 
extraction efficiency with metal drops corresponding to rotation speeds 
of 340, 610 and 810 rpm were 33, 50 and 100 percent respectively. The 
high efficiency at 810 rpm resulted from the higher mass transfer area 
of the smaller metal drops, and the mixing action of the salt phase. The 
effects of spray-cone rotation speed upon the extraction column containing 
five spray cones at a constant X are shown xn Figures 10, 11, and 12. 
An increase in the column metal's cadmium concentration over the 
inlet metal's concentration resulted in eighteen of the extraction runs. 
As the metal phase passed down the extraction column, the cadmium concen­
tration increased to a maximum after which it decreased rapidly. To 
produce such a cadmium concentration profile, the direction of transfer 
in the bottom spray-cones had to be the reverse of that in the top 
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spray-cones. However, this reverse transfer had no effect on the net 
separation obtained in the column, since the salt phase leaving the 
extractor was in equilibrium with the metal phase entering the extractor. 
Extraction from a molten metal by a fused salt involves two metal 
solutes. For the reaction 
Cd + ZnClg **" CdClg ^  Zn , 
an equilibrium is established between the zinc and cadmium concentrations 
in the metal phase. According to the law of mass action, a decrease in 
the zinc concentration causes a shift in the equilibrium, resulting in a 
decrease in the cadmium concentration. An increase in the zinc concentra­
tion would shift the equilibrium in the opposite direction, producing an 
increased cadmium concentration. Thus the equilibrium concentrations of 
the two metals are dependent upon each other, and a change in one metal 
would cause a change in the same direction of the other metal. The magni­
tude of the concentration changes is dependent upon the equilibrium 
constant for the reaction. 
An analysis of the extraction equilibrium in the bottom of the 
extraction column was necessary to explain the extraction reversal of the 
top spray-cones. The inlet salt reacted with the metal spray of the 
bottom spray-cones to produce extraction of cadmium from the metal. The 
amount of cadmium extracted into the salt phase was in excess of that 
measured by batch equilibrium distribution measurements. This was caused 
by the low zinc concentration in the metal phase in accordance with the 
law of mass action. 
There were two factors causing the zinc concentration of the metal 
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to be below its expected value. The first was its very slight solubility 
in the salt phase. The countercurrent flow of the salt and metal removed 
the zinc from the extraction zone, and thus decreased its concentration 
in the metal. The second and most important was the retention and subse­
quent accumulation of zinc in a metal oxide film in the spray-cones. The 
existence of this film was substantiated by chemical analysis of the metal 
contained in the bottom spray-cone after the column had been disassembled. 
Analysis of the top layer of the metal sample showed its zinc concentration 
to be 100 times larger than the metal at the bottom of the spray-cone. 
The average zinc concentration in the metal samples taken from the bottom 
of the spray-cones was 0.021 weight percent. 
An extraction reversal occurred when the salt finally contained the 
maximum amount of cadmium according to the equilibrium extraction distri­
bution, which had been shifted by the low zinc concentration of the metal. 
When the cadmium chloride of the salt contacted the high zinc concentra­
tion in the spray-cones as it moved up the column, the equilibrium of the 
extracting reaction was shifted in the opposite direction, resulting in 
the reduction of part of the cadmium chloride by the zinc. The cadmium 
metal formed accounted for the increased cadmium concentration in the 
upper spray-cones. As the cadmium chloride concentration decreased as 
the salt flowed up the column, the zinc in the spray cones also decreased. 
This resulted in a cadmium chloride concentration in the exit salt phase 
which was in equilibrium with the entering metal phase. 
In extraction run number nine, shown in Figure 12, the column was 
flooded with metal before starting the salt flow. Any film in the spray-
cones was thus flushed to the bottom of the column. The column was filled 
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with new salt, and the extraction run was made. The results showed no 
extraction reversal, which indicated the metal film in the spray-cones 
was responsible for the extraction reversal phenomena. 
The residence time of the metal drops in contact with the salt phase 
was measured from motion pictures of the column while operating at the 
three rotation speeds and two spray-cone spacings. A measured average 
residence time of six seconds did not vary more than ten percent for the 
different column configurations and rotation speeds. The salt-metal con­
tact time per spray-cone varied with the number of spray-cones contained 
in the column. The effect upon extraction of column configurations of 
three, five and seven spray-cones is shown in Figure 13. No noticeable 
change in extraction efficiency was observed. This indicated the resist­
ance to mass transfer of the salt film was negligible compared to other 
limiting factors. 
The mass transfer results which were calculated from the extraction 
data of the twenty one extraction runs are listed in Table 6. Measurements 
of the actual extraction efficiency of an individual spray-cone were made 
by considering its extraction performance while operating with both the 
forward and reversed extraction processes. This method of estimating 
spray-cone efficiency reduced any error associated with estimating the 
metal composition at the bottom of the column. For most extraction runs, 
the number of spray-cones used for extraction was equal to the number 
necessary to reverse the cadmium concentration to the entering metal 
composition. 
The mass transfer area was calculated considering negligible metal 
holdup in the column because of salt mixing. The values of Kog. do not 
ROTATION SPEED 610 RPM 
X=0.07364 Gs/Gm= 1.04 
TOP 
• RUN NO. 20 
A RUN NO. 6 
• RUN NO. 15 
3 4 5 6 
SPRAY- CONE POSITION 
8.6 u 
8.4 uj 
9.1 g 
Ui 
ro 
Figure 13. Effect of spray-cone spacing upon extraction 
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Table 6. Mass transfer results 
Run 
- 2 .  
no. (m=7.1xl0 ) 
Spray-cone 
efficiency, 
% 
Mass transfer 
area, 
ft2/ft3 
vos » 
lb 
hr-ft% 
HTU, 
In. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
0.03685 
0.01828 
0.07364 
0.03685 
0.01828 
0.07364 
0.03685 
0.01828 
0.07364 
0.03685 
0.01828 
0.07364 
0.03685 
0.01828 
0.07364 
0.03685 
0.01828 
0.07364 
0.07364 
0.07364 
0.07364 
33 
50 
50 
40 
66 
66 
90 
100 
100 
60 
33 
33 
75 
50 
50 
100 
66 
100 
33 
50 
100 
0.204 
0.409 
0.204 
0.257 
0.515 
0.257 
0.342 
0.683 
0.342 
0.204 
0.409 
0.204 
0.257 
0.515 
0.257 
0.342 
0.683 
0.342 
0.179 
0.225 
0.299 
4437 
3327 
13297 
4229 
3521 
14071 
7168 
3982 
15916 
4791 
1331 
5319 
4758 
1585 
6339 
4779 
1593 
9550 
12415 
14792 
22282 
8.4 
5.6 
5.6 
7.0 
4.2 
4.2 
3.1 
2 . 8  
2 . 8  
7.8 
14.0 
14.0 
6 . 2  
9.3 
9.3 
4.7 
7.0 
4.7 
6.9 
4.6 
2.3 
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reflect the higher mass transfer area at high rotation speeds and small 
spray-cone spacings, and would thus be correspondingly high. The height 
of a transfer unit (HTU) was based on a fourteen inch active section for 
column configurations of three and five spray-cones, and sixteen inches 
for seven spray-cones. 
No direct comparison can be made between the extraction results 
and those previously obtained at Ames Laboratory and Brookhaven. The 
measured extraction efficiencies of the spray-cone extractor by Josephson 
and Burkhart (11) of 17, 33 and 37 percent were comparable to the results 
of extraction runs in which the same number of spray-cones and equivalent 
salt and metal flow rates were used. The results of Brookhaven1s evalua­
tion of the disk-and-doughnut extractor gave values of the HTU varying 
from 31.9 to 98.8 inches with Kos varying from 33.1 to 509 lb/hr-ft^. 
The results were based upon inlet and outlet solute concentrations. The 
large salt flow rates of Brookhaven1s experiments eliminated the problem 
associated with saturating the salt with the extraction products. 
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DISCUSSION 
The extraction efficiency of the spray-cones indicated metal drop 
size and column mixing were the most important operating variables. The 
effects of salt-metal residence time and relative salt-metal flow rates 
were negligible. The high extraction efficiency of the spray-cone extrac­
tor would not have been detected if the metal in each spray-cone had not 
been sampled. The solute saturation of the salt phase and the extraction 
reversal showed the limitations of previous work in which only inlet and 
outlet concentrations were measured. 
The extraction efficiency of the spray-cones verified that the metal 
drop formation method of dispersion, coalescence, and then redispersion 
produced higher mass transfer rates than could be obtained by other 
methods. The higher extraction rates at smaller metal drop sizes indi­
cated the solute diffusion in the metal phase was the limiting resistance 
to mass transfer in the spray-cone extractor. The lower extraction effi­
ciencies of the disk-and-doughnut extractor indicated an interfacial film 
could be limiting mass transfer. No direct correlation could be made 
between the spray-cone and disk-and-doughnut extractors because of the dif­
ferences in method of metal drop formation, salt and metal flow rates, and 
the extraction systems used. 
The conventional design of extraction apparatus in which greater 
separation is attained by increasing the number of transfer units and 
column residence time does not generally hold for fused salt-molten metal 
systems. The amount of extraction for most salt-metal systems is limited 
by the solute capacity of the salt phase, and whether extraction equilib­
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rium can be attained between the salt and metal phases. Very few salt-
metal extraction systems would ever require more than one or two equilib­
rium transfer units, because the equilibrium distribution coefficients 
of salt-metal extraction systems are usually much larger or smaller than 
coefficients for aqueous-organic systems. 
Future work should be directed toward a better understanding of the 
effect of the film coefficients limiting mass transfer. This would 
necessitate small-scale studies with single metal drops. The spray-cone 
extractor design could be modified to produce refluxing of the metal drops 
back into the cone from which they were dispersed. Flow of the metal 
drops down the column would be controlled by the rotation speed of the 
spray-cones. Such an extraction column design could possibly achieve 
extraction efficiencies exceeding 100 percent, but would be limited to low 
metal flow rates. 
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